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Previous studies have demonstrated the use of the cross calibration technique for the assay of low enriched uranium. The purpose of this study was to demonstrate the applicability of the technique as an effective method of developing calibration parameters for the assay of highly enriched uranium and to assess the implementation of a cross calibration program in Russia.
Measurements of highly enriched uranium metal items with the Argonne National
Laboratory-West active well counter were used to demonstrate the applicability of the cross calibration technique. Calibration was performed by the normalization of coincidence count rates using experimentally determined reference parameters determined via reference measurements performed at Los Alamos National Laboratory.
These measurements and the cross calibration technique allow the use of calibration curves measured on reference systems to determine assay mass. 93% enriched uranium metal disk samples with masses ranging from 250-3700g were assayed, obtaining a maximum mass error of 4.36% from the declared mass and an absolute average error of 2.22% ± 1.40%. Samples composed of uranium metal pieces with masses ranging from 2700-4000g were analyzed using an adjusted calibration curve, determining sample mass within 6.08% of declared mass, with an average absolute mass error of 2.31% ± 1.78%.
The sample masses calculated for the uranium metal items meet the quality control standards of the material protection control and accounting program at Argonne National [2, 3] . The purpose of the current investigation is to demonstrate the cross calibration technique as an effective method to determine calibration parameters for the assay of HEU, as well as to assess the implementation of the technique at Russian facilities.
Background
The ANLW AWCC and the majority of the Russian systems are the model JCC-51 AWCC system manufactured by Canberra, though Aquila KCC-51 systems have also been purchased for Russia. These AWCC systems are mainly used to perform verification measurements of HEU and plutonium samples in metallic or oxide form.
While AWCC systems can be operated in either active or passive counting modes, active mode is more suited to the low spontaneous fission rate of U-235. Since the scope of this investigation is the assessment of HEU assay, the Mode-I fast-active configuration is used. In active mode, HEU samples are interrogated with neutrons from AmLi sources housed in the end plugs of the system. These sources induce fission events within the sample, spontaneously releasing multiple neutrons which are detected by He-3 detectors placed in a ring around the sample. By measuring the number of coincidence neutrons emitted from the sample it is possible to determine the number of fission events occurring in the sample. In practice, the coincidence response is dependent not only upon the number of fissionable atoms in the sample, and thus the fissile mass, but also the fissile enrichment, sample density and composition. As a result, it is necessary to take these parameters into consideration while determining the sample mass, usually by developing calibration curves using physical standards identical to the samples to be assayed.
The relationship between the response of an AWCC system and the fissile mass of the sample is commonly expressed in the form of a calibration curve. Example calibration curves for HEU metal disks and pieces are shown in Figure 1 . These curves are established by the development of multiple HEU standards with known fissile masses and composition, which are then measured in AWCC systems. As can be seen in Figure 1 , a plot of calibration curves for HEU metal disks and pieces, small changes in sample geometry can necessitate the use of a separate calibration curve. In the case of 93% HEU metals, breaking the metal disks into small (~100-300 g) pieces decreases selfmultiplication in the sample, lowering the measured coincidence rate by nearly 15%. 
Cross Calibration Methodology
The cross calibration program outlined in this report involves the careful calibration of one reference system for a particular sample material type using physical standards.
Calibration parameters determined for this reference system are then fixed and the response of other systems normalized to account for known differences in system response. The analytical basis of this calibration program is the assumption that the nonlinear shape of calibration curves are mainly characterized by sample properties and that detector related effects are nearly the same for all systems [1] . LANL initiated this cross calibration program for various types of materials and maintains the reference system, labeled as LANL/EUR SN300 and commonly referred to as AWCC-Gold. The responses of all AWCC systems involved in the cross calibration program are referenced to the AWCC-Gold system using measurements of appropriate physical standards. To account for changes in detector efficiency and electronic response during the life of the system, a Cf-252 source that remains with the field system is also measured during calibration, allowing readjustment of system normalization after the initial reference measurements are performed. In situations where a system does not have a unique Cf-252 source, the AmLi sources of the AWCC can be utilized to perform this adjustment, though with reduced accuracy. A detailed description of the calibration program is described in [1] .
To implement this program, a series of normalization terms are carefully determined for each AWCC system and used to normalize field system response to that of the reference system, allowing use of predetermined reference calibration parameters. These parameters relate the coincidence rate to sample mass through a third order polynomial of the form: where m is the U-235 mass of the sample in grams, R is the measured coincidence rate and k is the term used to normalize between systems. The variables A 0 -A 3 and a 0 -a 3 are calibration parameters that depend upon the type of sample being measured. A third order polynomial is usually used to account for the self-shielding and multiplication effects that dominate the system response for highly fissile samples of extremely large mass. In practice, polynomials of first and second order may also be used for certain types of samples, though third order polynomials provide the necessary inflection point to accurately assay highly fissile samples over a wide mass range [1] . For materials with lower enrichment and density, second order polynomial curves can commonly be used [1, 2] .
The normalization term k is mainly determined from measurements of a reference physical standard in both the field and reference system. The results of this measurement are expressed as:
where Ro (AWCC-ref) is the coincidence rate measured by the reference system and Ro(AWCC-xx) is the coincidence rate measured by the field system. Because of AmLi source decay, it is necessary to adjust the response of the field system to the date of the most recent reference system measurement since the reference system response is only periodically measured. Multiplying the field system response by this normalization term effectively adjusts the response of the field system to that of the reference system. Due to changes in the system response resulting from AmLi source decay, changes in detector or electronic efficiency as well as differences in sample container, the normalization term shown in Equation 3 often must be modified by additional normalization terms. Changes in detector efficiency and electronic response are accounted for using the relation: Eq. 4 where R 0 (Cf) is the coincidence rate of the field system to a Cf-252 source at the reference measurement location, R new (Cf) is the coincidence rate of the field system in the field measurement location, T 0 is the net single event rate measured at the reference location and T new is the net single event rate at the field location. The net single event rates terms are determined by subtracting the passive background rate of the system from the active background rate, measured with the sample cavity left empty and the AmLi sources in place. Since a referenced Cf-252 source is not always present during field measurements, the change in detector and electronic response is often taken into account using the net singles rate terms associated with the system. It is important to note that both T new and R new (Cf) must be measured with the system in the same configuration as used during the T 0 and R 0 measurements. Further, both T new and R new (Cf) must be adjusted to account for the decay of the AmLi and Cf-252 sources since the date of calibration.
Adjusting the raw field system response by k = k ref x k field adjusts it to that of the reference system at the date and location of calibration. Since the calibration parameters are usually determined at an earlier date, it is often necessary to further adjust the field system response to account for the decay of the AmLi sources using:
where T 1/2 is the half-life of the AmLi source and T is the number of years between the calibration parameter measurement and the current field measurement. While it is also possible to correct the reference system response for source decay (to the date of field system calibration), this makes calibration amongst more than two systems difficult.
Known biases due to container or geometric differences can also be accounted for using a normalization term, usually determined from measurement or simulation.
It is important to note that the normalization term k can be determined using a number of methods employing measurements of various reference material and sources. One alternative method is to estimate k ref with the product of relative AmLi and Cf source strength measurements. These measurements are performed in passive Mode-I configuration and give an indication of both the interrogation source strength and detection efficiency without the need for a reference standard. Since the placement of the AmLi source within the well during source measurement and end caps during material assay as well as the distribution of the americium oxide in the sources vary, altering the k ref determined using this method, it is in practice not as accurate as measurements using a reference standard [2] . Isotopes with high spontaneous fission probabilities can be substituted for the Cf-252 source, providing a more accurate estimate of k field than determined using the total singles rates Cross Calibration Procedure for the ANLW AWCC ANLW routinely measures items of 93% HEU metal in various forms as part of its MPC&A program. The current focus of this program is the assay of 93% HEU metal "heels", in both solid and pieces form. For materials of this form and composition physical standards from the C-20 series of HEU metal disks, which are maintained at LANL, are used to perform reference measurements. The characteristics of these disks are shown in Table 1 . The C-20-8 disk has been chosen as the reference physical standard for 93% HEU metals and has been carefully measured with the AWCC-Gold reference system and all systems involved in the program.
To demonstrate the applicability of the cross calibration technique to the assay of HEU, the ANLW AWCC was shipped to LANL so that reference measurements of the C-20-8 standard and reference Cf-252 source could be performed. Results from these measurements were added to Table V of LA-11229-MS [1] and are shown in Table 2 along with reference calibration data from the AWCC-Gold and IAEA-4699/1 systems.
The calibration parameters for HEU metal pieces and disks are measured on the AWCCGold and IAEA-4699/1 systems, respectively, and so the reference calibration data from these systems are needed to adjust the 93% HEU metal disk and pieces calibration curves to the ANLW AWCC system. The ANLW AWCC does not have a referenced Cf-252 source, so the total net singles rates were used to quantify changes in electronic response, as shown in Equation 4. 
HEU Disk Measurement Results
The first test of the ANLW AWCC calibration was to measure the C-20 series of HEU metal disks. The IAEA 4699/1 reference system was used to develop the 93% HEU metal disk calibration curve during the initial testing of the technique. Since all systems involved in this calibration program are referenced to the AWCC-Gold system, it was necessary to first normalize the ANLW AWCC response to the AWCC-Gold system and then to the IAEA 4699/1 system, taking into account the differences in calibration date.
The HEU disk calibration parameters are shown in Table 3 . The combined normalization term:
was used to account for the change in system response due to the location change and adjustment to the IAEA 4699/1 curve, where kref Gold is the adjustment of the ANLW AWCC response to the AWCC-Gold system and kref IAEA is the adjustment of the AWCCGold response to the IAEA AWCC system. To adjust the calibration curve to the ANLW AWCC system, this normalization term was applied to Equation 2 using the coefficients for the HEU metal disk calibration curve measured on the IAEA 4699/1 system. The normalization reference measurement data used to translate the ANLW and IAEA AWCCs to the AWCC-Gold system were adjusted to the last date of AWCC-Gold reference calibration, 21 March, 1996. To account for the decay of the ANLW AWCC AmLi sources, the time between the generation of the HEU disk calibration curve (10 August, 1985) and the date of measurement (06 June, 2002) was used in equation 5 to determine k decay . The ANLW AWCC was used to measure the disk standards in a location at LANL with much larger background level than present during the reference C-20-8 disk measurement. In the new location, T new was measured to be 5820 cps, roughly 3% higher than measured during the C-20-8 calibration measurement.
The masses calculated using this adjusted curve are within 5% of the declared standard mass over the applicable range of the curve and have an absolute average error of 2.22% ± 1.40%, as shown in Table 4 and Figures 2-3 . It is important to note that while the AWCC-Gold system is used as a reference system, calibration curves generated on any system involved in the program can be translated to field systems, as demonstrated with this measurement. Specifically, this measurement demonstrates the ability of this cross calibration technique to be applied to the assay of HEU across multiple systems with different calibration dates. 
HEU Metal Pieces Measurement Results
In addition to HEU metal in solid form, HEU metal pieces are routinely measured at ANLW as part of ongoing verification measurement programs. Samples called "heel pieces" compose a major source of HEU metal assayed at ANLW. These heel pieces are HEU metal ranging in mass from 100-300g, broken off of the larger solid heel piece. The pieces are placed in a container suitable for assay in the AWCC. Calibration parameters for the measurement of HEU metal pieces were obtained using the AWCC-Gold system and are shown in Table 5 . The normalization term used is shown below.
Since the measurements were performed over the course of two years, the ANLW system response for each measurement was decay corrected to the date the calibration curve was measured, 6 June, 1987 allowing k decay to be neglected in Equation 7. The T new rate measured at the ANLW measurement location was on average 5885 cps over the data collection period, determined through analysis of historic background measurements. The normalization term determined in Equation 7 and the calibration curve parameters shown in Table 5 were used to develop an adjusted calibration curve. As shown in Figure 4 -5, this curve agrees well with the measured data and produces an average absolute mass error of 2.34% ± 1.78%, while the largest mass error was 6.08%. The AWCC measurements of metal pieces were taken at ANLW, verifying that the cross calibration technique can be used to assay HEU items on systems at multiple locations with varying background levels.
It is important to note that the U-235 masses of the samples assayed at ANLW were obtained independent of AWCC measurements from detailed knowledge of the fuel manufacturing processing conditions in conjunction with mass spectroscopy and chemical analysis. From periodic mass spectroscopic and chemical analysis performed on samples, the declared mass is known within .5-1%. This additional error combined with the statistical uncertainty in the net singles rate measurements is the reason the HEU pieces measurements have larger errors than found with the HEU disk measurements. 
Discussion
The cross calibration study performed with the ANLW AWCC demonstrates the effectiveness of the cross calibration technique as a method to transfer calibration parameters among multiple AWCC systems without the need for multiple sets of physical reference standards. For 93% HEU metal in solid disk and pieces form, the largest absolute mass error was 6.08% while the average absolute mass error was less than 3%, well within control limits of the MPC&A program in place at ANLW. It is important to note, however, that the third degree polynomial used to characterize the AWCC system response for HEU assay is an empirical estimation of the system response and does not correspond to the physical interactions occurring within the sample. As a result it is not possible to extrapolate the calibration curves beyond the mass range from which they were developed. In the case of the HEU pieces measurements analyzed during this project, it was possible to apply the cross calibration technique over the mass range of 2700-4000g, but not above it, even though ANLW routinely measures items of HEU pieces with larger mass. The mass range of the standards used to develop the calibration parameters limits the applicable mass range of the cross calibration technique as implemented in this report. The addition of higher mass standards during the development of calibration parameters is a direct method that could be utilized to extend the mass ranges. Since this requires the development of additional standards, it is not very cost-effective, however. Modeling the AWCC system with Monte Carlo simulation is being investigated as a low cost method able to add flexibility to the implementation of the cross calibration technique, both as a method to extend calibration parameters beyond the masses of current standards and also to adjust reference calibration parameters to materials with unique geometries and compositions.
The results of the HEU disk and pieces measurements performed with the ANLW AWCC as well as the work performed at MEPhI [2, 3] suggest that a properly implemented cross calibration program could be an effective method for HEU calibration parameters to be shared among the AWCC systems currently in Russia. Such a program would reduce the number of physical standards that must be produced and allowing the expedient development of calibration parameters. Prior to shipment, many of the AWCC systems currently in Russia were referenced to the AWCC-Gold system at LANL and the AmLi source strength for each system determined. Results of these measurements are included in Appendix II and III, respectively. These reference measurements allow the implementation of a cross calibration program for the Russian AWCC systems similar to that outlined in this report and specified in the draft procedure included in Appendix I.
The systems that did not perform reference measurements at LANL can easily be referenced to the other systems through the measurement of suitable HEU standards in Russia. 
Figure 6. Cross calibration flow chart employing AmLi sources for field system correction
A generalized flow chart for the cross calibration technique is shown in Figure 6 .
Necessary for the technique are: 1) well characterized calibration curves measured on (or easily transferred to) a reference system; 2) a method to relate the reference system response to a field system; and 3) a method to account for electronic changes in the field system during measurement campaigns. The specific technique utilized for this report is shown in Figure 7 and relies upon calibration parameters measured on or transferred to the AWCC-Gold system, reference measurements of the C-20-8 standard and measurements of the change in net singles rate to account for electronic system changes. In general, the cross calibration technique can be altered to employ various neutron sources and physical standards to provide reference and field system calibration. The method is limited by two considerations: accuracy and logistical feasibility. The AWCC calibration program developed by LANL balances these two characteristics by using a single reference standard to limit the number of standards that must be developed, and a Cf-252 source which produces neutrons with a spectrum similar to that seen during U-235 fission. An example flowchart of this preferred procedure is included in Figure 8 . For the ANLW calibration discussed in this report, it was not logistically feasible to ship the standard Cf-252 source and no unique source was purchased for the system. The use of the net AmLi background measurement to adjust for changes in electronic response was a necessary compromise in calibration accuracy under the circumstances. Similarly, the reference correction term can also be determined using alternative methods. Since the response of the system will be highly dependent upon the AmLi source strength and detector efficiency, it is possible to use the ratio of absolute AmLi source strength and Cf-252 measurements to determine the reference correction. Because of differences in AmLi source geometry, specifically the depth of the americium oxide, this method does not predict the relationship between the reference and field system as accurately as the use of physical reference standards [2] , but does make it unnecessary to ship systems or sources to establish reference baselines as long as the source strength is known. Since the AmLi source strength for each Russian system was measured during the LANL reference measurements, it is possible to estimate the accuracy of this method by comparing the normalization term determined using the physical standards and that determined by source strength combined with detection efficiency determined by measurements of the AmLi and standard Cf-252 sources. 
Conclusion
The AWCC cross-calibration procedure developed by LANL was successfully demonstrated on the ANLW AWCC for 93% HEU metal items. Samples items of metal disks and heel pieces were measured using adjusted calibration curves with an average absolute mass error of less than 3% from declared masses over applicable mass ranges.
Calibration curves were transferred among three systems, demonstrating the flexibility of the technique. The measurements verify that facilities can accurately use high precision AWCC calibration curves in combination with a cross calibration program to measure HEU metal disks and pieces without requiring the development of costly standards. The cross calibration program outlined in this publication appears to be a cost effective means of determining calibration parameters for the AWCC systems.
Historically, ANLW has relied upon chemical analysis of heel samples and the detailed knowledge of sample history to develop calibration curves with large mass ranges and high accuracy. While the HEU pieces cross calibration curve developed during this project calculates assay mass within ANLW quality control standards over the 2700-4000g fissile mass range, it cannot be accurately applied beyond this mass range due to the limited mass range of the standards used to determine the curve. Modeling the AWCC system with Monte Carlo simulation is being investigated as a cost effective method to add flexibility to the implementation technique, both as a method to extend calibration parameters beyond the masses of current standards and also to transfer reference calibration curves to materials with unique geometries and compositions.
ANLW has been involved in the manufacturing of metal fuels with varying enrichment levels for over 30 years and these and other fissile materials are currently stored on site.
While AWCC systems were not used in the accounting of these materials, the development of AWCC calibration curves for these materials using cross calibration techniques in conjunction with modeling is currently being investigated.
The AWCC cross calibration program allows facilities involved to use these and other calibration curves without the need to develop or store collections of calibration standards, reducing the time and cost involved in maintaining a flexible MPC&A program. These characteristics make the cross calibration technique extremely applicable to MPC&A programs that find themselves with a shortage of NDA physical standards, such as is the case in Russia. Implementation of the cross calibration technique in Russia appears to be a cost effective method to determine calibration parameters. The reference measurements performed at LANL prior to shipment to Russia should aid greatly in the implementation of such a program. Systems that did not perform these measurements can be included in the program through the measurement of suitable reference standards in Russia, or through the use of alternative reference normalization determination, as discussed in this report.
Appendix I. Draft Field Guide for Assay of HEU Metal Samples using Cross Calibration Scope
This field guide is intended to provide guidance on performing assay measurements of HEU samples using an AWCC and the cross calibration technique developed by LANL. It assumes that measurements of reference standards have previously occurred and that calibration curve coefficients appropriate to the sample(s) to be assayed are available.
Background
Necessary for the technique are: 1) well characterized calibration curves measured on (or easily transferred to) a reference system; 2) a method to relate the reference system response to a field system; and 3) a method to account for electronic changes in the field system during measurement campaigns. In this report, the calibration curves were measured on or transferred to the AWCC-Gold system.
Measurements of reference HEU disk C-20-8 were used to relate the response of the reference and field systems, and the net active background (active background minus passive background) singles rate was used to account for electronic changes in the field system.
Procedure Setup
During setup of the AWCC in a new location, care must be taken to place the system in a location with low neutron coincidence background levels, away from fissionable materials or extremely active neutron sources. More importantly, the AWCC unit should not be placed in a location with unstable coincidence rates.
Changes in background neutron coincidence rates during measurements will introduce bias to assay results. It is essential that operators ensure the shift register has the proper setup/measurement parameters. Common parameters are shown in Table 6 . This procedure is based on the AWCC cross-referencing procedure for HEU metal disks, provided by the safeguards science and technology group at LANL during the cross calibration study. 
